Purpose of Review To discuss the role of cardiovascular computed tomography (CT) in diagnosing and managing a spectrum of cyanotic congenital heart defects before and after repair and to review practical imaging considerations in patients with specific cyanotic lesions. Recent Findings As CT technology has rapidly advanced and radiation doses have dramatically decreased, cardiovascular CT has provided a lower-risk, high-quality alternative to diagnostic cardiac catheterization or cardiac magnetic resonance imaging (MRI) and has been increasingly utilized in nearly every type of cyanotic congenital heart defect. Summary Cardiovascular CT can provide rapid, high-resolution images to aid in preoperative planning and postoperative surveillance of cyanotic heart disease. To optimize each study, protocols should be carefully tailored to specific defects and to each patient's unique clinical and hemodynamic considerations.
Introduction
Congenital heart disease (CHD)-structural abnormalities of the heart and cardiac vessels that occur in fetal developmentis the most common type of birth defect, affecting 8 to 9 of every 1000 children [1] . Approximately 25% of these children have cardiac lesions characterized as cyanotic [2, 3] . In cyanotic forms of CHD, a net right-to-left cardiac shunt allows desaturated systemic venous blood to bypass the lungs and enter the systemic arterial circulation. This shunt leads to decreased arterial saturations and an increased deoxygenated hemoglobin level that manifests as central cyanosis when it exceeds 5 g/dl. A broad spectrum of complex defects, including tricuspid or pulmonary atresia and total anomalous pulmonary venous return (TAPVR), can cause right-to-left shunts. In defects such as tetralogy of Fallot (TOF) or pulmonary atresia with intact ventricular septum (PA/IVS), right ventricular outflow tract obstruction leads to decreased pulmonary blood flow and intracardiac shunting. Mixing of pulmonary and systemic circulations, as seen in truncus arteriosus and d-transposition of the great arteries (d-TGA), can also cause a net right-to-left shunt. Defects with left-sided cardiac obstruction, like hypoplastic left heart syndrome, typically cause low cardiac output and shock but can sometimes present with desaturation from right-to-left shunting across a patent ductus arteriosus to provide systemic blood flow [4] . Cyanosis can also present in older unrepaired patients with longstanding systemic to pulmonary shunting, such as an unrestrictive ventricular septal defect, in whom pulmonary arterial hypertension has developed and reversed the shunt to right-to-left, known as Eisenmenger syndrome.
While a growing percentage of CHD patients are diagnosed prenatally by obstetric ultrasound or echocardiogram, in the USA, about two-thirds are discovered postnatally [5] . Postnatally diagnosed cyanotic CHD often presents acutely in the newborn period or may be identified by routine pulse oximetry screening in the newborn nursery [6] [7] [8] . It typically requires surgical repair, palliation, or catheter-based intervention in the neonatal period or early infancy to alleviate desaturation. Therefore, even when a defect is prenatally diagnosed, the precise anatomic details that affect management must be determined quickly after birth. Congenital cardiologists often have a limited time window in the first hours to days of life to image the heart and decide upon the timing of intervention, procedure type, and surgical approach. These decisions depend in part on the infinitely many anatomic variations found in complex CHD, affecting visceroatrial situs, ventriculoarterial connections, great vessel anatomy and size, coronary artery arrangement, the presence, location, and size of septal defects, and systemic and pulmonary venous anatomy.
As management techniques are refined and CHD survival improves, the patient population has grown rapidly to approximately 2.4 million in the USA, including 300,000 with complex defects that include repaired or palliated cyanotic CHD [9] . The growing need for lifelong surveillance after repair has increased the demand for congenital cardiac imaging, which serves as a cornerstone of complex CHD management to assess residual lesions, monitor function, identify complications, and plan subsequent interventions.
Transthoracic echocardiography is the primary tool used to assess cardiac anatomy and function. It is readily available, relatively inexpensive, and poses little risk, even to unstable patients. However, despite typically good acoustic windows in infants and children, it can be difficult to determine details of small, often sub-centimeter structures and extracardiac vessels and reproducibly assess ventricular size and function. Echocardiographic windows are more limited in adult CHD patients, especially those with extensive sternal scarring after multiple interventions. Diagnostic cardiac catheterizationbased angiography, historically a mainstay of congenital cardiac imaging, provides superior spatial and temporal resolution [10] . However, invasive angiography is increasingly used primarily for hemodynamic evaluation rather than anatomic definition due to its risks. Catheterization is invasive, requires central vascular access, requires sedation or anesthesia in young patients, and exposes patients to radiation. Thus, the use of invasive catheterization to define complex congenital heart defect anatomy has declined with advances in noninvasive imaging [11] [12] [13] .
In the last few decades, cardiovascular MRI has emerged as a high-quality, "one-stop shop" modality for imaging CHD. It permits three-dimensional (3D) visualization of cardiac structures and precise measurement of ventricular size and function without radiation. It is considered the gold standard for assessing the right ventricle (RV) in repaired tetralogy of Fallot [14] . In patients with cyanotic CHD, MRI flow sequences can quantify valve regurgitation and assess the ratio of pulmonary to systemic blood flow, differential pulmonary blood flow, and collateral flow [15] . Myocardial parametric mapping by MRI can detect micro-level fibrosis and edema [16] . Gadolinium contrast-enhanced images can also create magnetic resonance (MR) angiograms, identify focal myocardial fibrosis, and assess perfusion during rest and stress [17, 18] . However, these studies are very time-consuming. Even with advances in real-time and free-breathing imaging, congenital cardiac MRIs can last up to an hour or more and require patients to remain motionless and comply with repeated breath holds [15, 19] . Children and some older patients with developmental delays therefore often require general anesthesia, raising concerns about potentially deleterious effects on developing brains in children whose cyanotic lesions are already associated with neurocognitive delays [20] [21] [22] . Anesthesia induction also carries a higher risk of cardiac arrest and mortality from arrest in children with CHD, particularly in cyanotic single ventricle patients who are unrepaired or partially palliated [23, 24] . The use of MRI is also limited in patients with implanted devices that may be ferromagnetic or cause significant imaging artifact; this applies to many repaired cyanotic CHD patients with coils, stents, pacemakers, and defibrillators. Cardiac MRI poses additional technical challenges in neonates and infants, whose fast heart rates and small structures limit spatial resolution, signal-to-noise ratio, and the accuracy of volume and flow measurements [15] . Finally, recent data emerging on the risks of gadolinium deposition in the central nervous system and other organs have prompted an FDA advisory on gadolinium contrast, making MRI a less benign imaging option [25, 26] .
Benefits of Cardiovascular CT in Cyanotic CHD
As the risk-benefit ratio of cardiac MRI has shifted, cardiac CT has played a rapidly expanding role in managing complex CHD and planning surgical and catheter-based interventions [12, 27] . Technical advances have driven much of this increase [28] . Older scanners were limited by long scan times and low temporal resolution, but arguably, the most significant barrier to their use was high radiation doses.
Radiation exposure is of concern in all children but is particularly a matter of concern for those with cyanotic CHD [29] . They may undergo numerous chest x-rays, catheterizations, nuclear stress tests, and lung perfusion scans. A recent study from a large pediatric cardiac center documented cumulative lifetime radiation effective doses of up 77 mSv among their CHD patients [30] . Another group reported that single ventricle patients received on average 10 mSv per year during the first 3-4 years of life [31] . Older CT scanners, using a retrospectively electrocardiogram (ECG)-gated scan mode, have been reported to expose CHD patients to effective doses of up to 28 mSv per cardiac scan [32] . Since then, innovations such as prospective ECG gating, ECG-controlled tube current modulation, high-pitch helical scanning, lower tube potentials, wider detector coverage, and iterative reconstruction techniques have dramatically lowered radiation exposure [33, 34] . Today, sub-milliSievert scans are achievable in many children [35] . However, effective doses still vary widely, and recently published pediatric cardiac-specific dose-length product conversion or "k-"factors suggest that k-factors, and therefore effective cardiac radiation doses, in children are considerably higher than previously believed [32, 36] . In an effort to minimize radiation doses and standardize imaging parameters across pediatric centers, the Image Gently alliance's "Have-a-Heart" campaign recently published radiation management guidelines for pediatric cardiovascular CT [32] . Several large congenital cardiac centers have also recently established an international congenital cardiovascular CT registry to establish best practice guidelines for radiation exposure and anesthesia use in CHD patients [37] .
Newer CT scanner platforms also allow rapid image acquisition that decreases the need for sedation or anesthesia. With dual-source scan technology and wide detector coverage, studies can be obtained in a single heartbeat without requiring a breath hold for most indications. General anesthesia and paralysis are not necessary in most patients [35, 36] . While cardiac MRI in critically ill and often unstable patients poses significant risks because of study length, need for sedation, the need to change MRI-incompatible ventilators and lines, and difficulties with closely monitoring patients inside the scanner, cardiac CT mitigates these risks. CT can be done in patients on ventilators, or even on extracorporeal membrane oxygenation (ECMO) or ventricular assist device support, as long as the patient can be transported safely to the scanner [38, 39] . The same study can also evaluate for pulmonary artery embolism or thrombosis, which in particular has been reported in patients with Eisenmenger physiology, and image the lungs and airways, which are often abnormal in CHD patients [40, 41] . These factors make cardiac CT an attractive option for imaging cyanotic CHD patients.
In recent years, cardiac CT has also helped to advance the use of patient-specific 3D printing and augmented or virtual reality modeling for use in planning complex intracardiac repairs and other CHD interventions [42] . Digital 3D modeling and printing aid users in "mentally rotating" imaging data, which allows them to better understand complex spatial relationships within the heart and extracardiac structures [43] . Any volumetric Digital Imaging and Communications in Medicine (DICOM) dataset, including contrast-enhanced and non-contrast MR angiograms and 3D echo data, can be used to generate models, but CT is the most common source of 3D cardiac models and is considered the easiest to use [42, 44] . It confers submillimeter isotropic spatial resolution, and its bright contrast facilitates the process of segmenting or identifying anatomic structures to be printed. Figure 1 demonstrates a cardiac CT angiogram performed in a 1-day-old cyanotic neonate with prenatally diagnosed complex double outlet RV with an inlet ventricular septal defect, d-malposed great arteries with the aorta rightward of the pulmonary artery, and an aortic coarctation. The CT, performed with an effective radiation dose of about 0.3 mSV, was used delineate the relationships of the ventricles, VSD, and outflows and to create a detailed, hollowed-out scale model of the patient's heart. Although the infant was initially anticipated to undergo a staged repair over the first months of life to connect each ventricle to its appropriate outflow, the CT and 3D model permitted the surgeon to plan a complex intracardiac baffle repair that was successfully performed in a single operation at 2 weeks of age [45] .
The Role of Cardiovascular CT in Managing Specific Cyanotic Heart Defects Cardiovascular CT has been utilized to diagnose and manage a broad spectrum of cyanotic cardiac defects by delineating anatomic details, assessing cardiac relationships to extracardiac structures, and identifying post-intervention complications [12, 27] . In the following section, we will review its uses as they pertain to specific cyanotic defects.
Tetralogy of Fallot and Other Right Ventricular Outflow Tract Obstructive Lesions
TOF is the most common form of cyanotic CHD, accounting for 5% of congenital heart defects [46] . In TOF, anterior deviation of the conal portion of the ventricular septum obstructs blood flow through the RV outflow tract and directs desaturated blood though a ventricular septal defect into the systemic circulation. RVoutflow tract obstruction falls along a spectrum ranging from minimal subpulmonary stenosis to pulmonary atresia or, in its most severe form, absent main and branch pulmonary arteries with multiple aortopulmonary collaterals (MAPCAs) arising from the aortic arch to feed the lungs. Preoperatively, most TOF anatomy can be determined by echocardiogram. However, an estimated 5% to 12% of these patients have coronary artery abnormalities, such as an accessory left anterior descending coronary arising from the right coronary and crossing the pulmonary outflow tract, which can preclude a full neonatal repair [47] [48] [49] . Echo may be unable to definitively assess coronary artery anatomy, but CT has been shown to identify coronary anomalies in young children with unrepaired TOF with 97% to 100% sensitivity and specificity [50, 51] .
In TOF with MAPCAs, the tortuous network of very small collateral vessels is rarely seen well on echocardiogram or even on cardiac MRI. Traditional management strategy involved obtaining a diagnostic cardiac catheterization under general anesthesia within a few days of birth. However, the excellent spatial resolution of cardiovascular CT makes it an optimal modality to visualize even distal aortopulmonary collateral anatomy [52] [53] [54] . In many institutions, CT has become the first-line imaging modality to delineate aortopulmonary collateral anatomy upon birth or initial patient presentation. CT can determine the presence and anatomy of native pulmonary arteries, courses of the MAPCAs, the lung segments they supply, and the relationship of each collateral to the airways and esophagus (Fig. 2) . Catheterization may therefore be delayed until the patient is older, decreasing risk of vessel injury relative to during the newborn period. When preoperative catheterization is performed, usually at a few months of age, CT images guide the procedure, which focuses on identifying aortopulmonary collateral stenosis and dual sources of pulmonary blood flow. Fewer angiograms can be performed, limiting radiation and contrast exposure. Some centers have also started to use CT angiograms to create 3D digital and printed models, which can be sterilized and placed on the surgical field as an intraoperative guide [55, 56] .
In TOF patients who undergo staged repair and are initially palliated with aortopulmonary shunts, CT is often obtained prior to full repair to evaluate shunt patency and assess for branch pulmonary artery stenoses or aneurysms. In repaired TOF patients, CT can assess for right ventricular to pulmonary artery (RV to PA) conduit patency and calcification, pseudoaneurysms, and pulmonary artery stenosis [57, 58] . In patients with contraindications to cardiac MRI, functional CT has been used to assess RV volume and function. Most reports demonstrate relatively Fig. 1 a Segmentation of a cardiac CT in a 1-day-old neonate with complex double outlet right ventricle, d-malposed great vessels, and an aortic coarctation, in preparation for rapid prototyping. b 3D-printed and digital cardiac models (lateral walls removed to show intracardiac anatomy) equivalent volume assessment between CT and MRI if a CT scanner with appropriate temporal resolution is used, but mild overestimation of RV end-diastolic volumes has also been reported [59, 60] .
CT can also demonstrate the proximity of the outflow tract to the coronary arteries (Fig. 3) , which recent TOF management guidelines for adult congenital CHD patients recommend assessing in all patients to help determine candidacy for percutaneous pulmonary valve replacement [61] . CT was also recently reported to identify thrombus and endocarditis, not demonstrated on echocardiogram, as a cause of percutaneous pulmonary valve obstruction [62] . Before repeat surgical intervention, CT can identify the relationship of the RV outflow tract to the sternum to minimize the risk of dissecting an adherent or calcified pulmonary artery or conduit [27] .
Several other cyanotic heart defects also involve pulmonary outflow obstruction or are repaired with RV to PA conduits, including variants of double outlet right ventricle with RV outflow tract obstruction that are repaired with a Rastelli procedure. Cardiac CT can play a similar role in these patients' surveillance and management. In patients with PA/IVS, in which the pulmonary valve is completely obstructed and the RV is often smaller and hypertensive, cardiac CT has been used in newborns to identify commonly associated coronary abnormalities such as coronary stenoses and RV to coronary artery fistulae [59, 60] . Fig. 3 Nineteen-year-old man with double outlet RV and pulmonary stenosis status postRastelli operation, with RV to PA conduit stenosis. Cardiac CT identified the LMCA coursing just inferior to the conduit, a contraindication to RV outflow tract stenting Fig. 2 Cardiac CT volume renderings in a 2-day-old boy with prenatally diagnosed TOF with pulmonary atresia and MAPCAs, demonstrating aortopulmonary collaterals (asterisk) arising from the descending thoracic aorta and confluent but severely hypoplastic native branch pulmonary arteries (short arrow). Long arrow denotes the connection of an aortopulmonary collateral to the left pulmonary artery
Transposition of the Great Arteries
Transposition of the great arteries refers to several types of defects with ventriculoarterial discordance, but the most common is "simple" d-TGA without a ventricular septal defect and with unobstructed outflow tracts [63] . In d-TGA, which represents 3% to 5% of congenital heart defects, patients typically undergo an arterial switch operation (ASO) within the first week of life [1] . Preoperative anatomy is usually determined by echocardiogram, but dual-source cardiovascular CT in neonates has been reported to identify abnormal coronary artery arrangements, which occur in up to one-third of d-TGA patients, with higher sensitivity than echocardiography [64] [65] [66] . Postoperatively, cardiovascular CT is often used to identify complications such as coronary artery stenosis after reimplantation, which is reported in 8% to 10% of patients who have undergone ASO [67] [68] [69] [70] . CT is also commonly used to assess for main and branch pulmonary artery obstruction after surgical LeCompte maneuver (Fig. 4) as well as neoaortic root dilation [70] . While CT perfusion imaging may be useful to evaluate for myocardial perfusion defects resulting from coronary artery obstruction, its use has been reported only in conjunction with positron emission tomography (PET) in this population [71] . In patients with more complex forms of d-TGA with a ventricular septal defect and pulmonary outflow obstruction, who undergo a Rastelli operation with RV to PA conduit placement or a Nikaidoh operation with translocation of the aorta and occasional reimplantation of the right coronary artery, CT is again a useful option to assess residual lesions and guide reintervention (Fig. 5) [72] .
Older patients with d-TGA who were repaired in the 1970s and 1980s typically underwent a Mustard or Senning atrial switch operation, in which systemic and pulmonary venous drainage to the atria was redirected towards the appropriate outflows. Atrial switch complications typically include baffle leaks or obstruction and dysfunction of the systemic RV that remains connected to the aorta [73] . Cardiac CT can be used to assess baffle obstruction, patency of intrabaffle stents, and ventricular size and function [74] . While the Mustard and Senning are typically no longer performed for d-TGA, the atrial switch has reemerged in congenitally corrected or levo-transposition of the great arteries (l-TGA), either in conjunction with the arterial switch as part of the double switch procedure to address discordance at both the atrioventricular and ventriculoarterial levels or along with a Rastelli procedure in patients with l-TGA, VSD, and pulmonary stenosis (Fig. 6 ) [75, 76] . Many patients with atrial switch repair of d-TGA, who are prone to arrhythmias, and l-TGA, in which atrioventricular block is common, have also undergone pacemaker or defibrillator placement. CT is therefore a more optimal Volume rendering of cardiac CT obtained for preoperative planning prior to surgical reintervention demonstrates the left anterior descending coronary artery (blue triangle) arising from the right neoaortic sinus and coursing between the sternum (blue arrow) and main pulmonary artery, posing risk of coronary injury during repeat sternotomy modality than MRI to visualize anatomy and function and guide EP interventions in these patients [73, 74] .
Truncus Arteriosus
Truncus arteriosus is a relatively rare-0.5% of CHDdefect in which the pulmonary and aortic outflow tracts fail to separate during fetal development and remain as a single outflow, allowing mixing of systemic and pulmonary venous blood [1] . CT is rarely used preoperatively for this lesion, which is usually well delineated on echocardiogram. However, preoperative CT has been reported to better demonstrate the branch pulmonary arteries and rule out associated findings such as an interrupted aortic arch [77, 78] . Postoperatively, CT can assess sequelae related to both the left heart, which has an abnormal truncal valve that is often eventually replaced with a mechanical valve, and right heart, in which an RV to PA conduit is placed or direct connection is created. Figure 7 demonstrates the left ventricular outflow tract of a 15-year-old patient with truncus arteriosus and recent infective endocarditis. Echocardiogram could not clearly visualize the truncal valve region due to mechanical valve artifact, but cardiovascular CT demonstrated a large diverticulum of the truncal root that compressed his RV to PA conduit.
Total Anomalous Pulmonary Venous Return
In TAPVR, which makes up 1% to 2% of CHD, the pulmonary veins connect abnormally to various sites in the systemic veins, including the superior vena cava (supracardiac type), inferior vena cava (infracardiac), coronary sinus, or a combination of sites. Cyanosis is often worsened by obstruction of the anomalous connection, particularly in the infracardiac type, which may cause pulmonary congestion and severe hemodynamic instability. Cardiovascular CT can be rapidly performed even in critically ill patients and can preoperatively identify the course of the pulmonary veins, drainage sites, and areas [79] [80] [81] [82] . Post-repair, CT is a preferred modality to assess recurrent pulmonary venous obstruction, which can occur in up to 18% of patients (Fig. 8) [83] . Cardiovascular CT is also useful for pulmonary vein imaging in patients with pulmonary venous abnormalities in the setting of more complex defects, such as heterotaxy syndrome or single ventricle disease, and can clearly delineate the sites of venous drainage and mechanisms of obstruction (Fig. 9) .
Single Ventricle Disease and Heterotaxy Syndrome
Single ventricle or functionally single ventricle defects cause cyanosis secondary to right-to-left shunting, parallel systemic and pulmonary circulations, and in some cases pulmonary outflow obstruction. These defects include tricuspid atresia and other forms of hypoplastic right heart syndrome, hypoplastic left heart syndrome, double inlet left ventricle (LV), double outlet RV, unbalanced atrioventricular canal defects, and severe forms of Ebstein anomaly. Most of these are palliated over the first 3 to 4 years of life by connecting the systemic venous return directly to the pulmonary arteries and utilizing the single ventricle as the systemic ventricle, pumping through an unobstructed native aorta or an augmented "neoaorta" constructed in part from the pulmonary artery. As many of these defects are associated with abnormalities in the great vessels and systemic and pulmonary venous connections, echocardiography does not always adequately determine complex anatomic details prior to palliation. Cardiovascular CT is commonly used in these neonates for preoperative planning and is often performed using a nonsedated "feed and wrap" method of swaddling and allowing the patient to fall asleep after eating [84] [85] [86] . Some single ventricle disease occurs in the setting of heterotaxy syndrome, in which the laterality of structures within the thorax and abdomen is arranged abnormally, with highly variable duplication of left-or right-sided structures known as isomerism. In these patients, CT can assess not only intracardiac and extracardiac abnormalities but can also identify bilateral left or right atrial appendages and assess the situs of the lungs and abdominal viscera [87] .
Postoperatively, CT has been used to assess shunt patency, pulmonary artery stenosis, aortic arch obstruction, and venovenous or aortopulmonary collateral vessels [57, 88] . It has also been used in pre-Glenn and pre-Fontan procedural planning, in some cases as a noninvasive alternative to diagnostic cardiac catheterization. In a series of 32 single ventricle patients, half of whom underwent cardiovascular CT and half of whom underwent diagnostic cardiac catheterization prior to second stage palliation, CT had no diagnostic discrepancies compared to surgical findings. Patients were exposed to much less radiation than those who underwent catheterization (effective dose 1.1 mSv compared to 14 mSv), received less than half the contrast of the catheterized cohort, and had only one adverse event-increased cyanosis-compared to eight events in the catheterized patients [89] . After palliation, CT can evaluate Glenn and Fontan pathways for obstruction or thrombus (Fig. 10) [90] . Due to mixing of contrastopacified and non-opacified blood as the contrast enters the pulmonary arteries from the SVC, injection protocols should be optimized to achieve heterogeneous contrast within the vessels and avoid false-positive diagnosis of thrombus [57, 91] . A number of solutions have been proposed, including simultaneous arm and leg injection and lower extremity injection, but many sources agree that delayed scanning ranging from 60 to 180 s after injection, which may be guided by a timing bolus, yields homogeneous contrast opacification throughout the heart and cavopulmonary pathways [92, 93] .
Practical Considerations for Cardiovascular CT in Cyanotic CHD
Performing cardiovascular CT in patients with cyanotic cardiac defects, who span the spectrum of neonates to adults and may be unrepaired, palliated, or fully repaired, requires careful individualization of the exam to the patient, the physiology of the defect, and the clinical question being addressed. Detailed guidelines addressing scan protocols and radiation dose reduction in pediatric and congenital heart disease have been published elsewhere, but we will briefly review a few considerations pertinent to cyanotic CHD patients [28, 29, 32, [94] [95] [96] . Fig. 8 Three-month-old girl with repaired supracardiac TAPVR and discrete narrowing of the right lower pulmonary venous confluence and left lower pulmonary vein as they enter the left atrium. The left upper pulmonary vein (not shown) is occluded and drains instead via the azygous (one asterisk) and hemiazygous (two asterisks) veins into the superior vena cava. The right heart is dilated due to pressure and volume overload
Sedation
The need for sedation can vary depending on patient characteristics, CT scanner speed, and exam goals. For many CTs, developmentally appropriate older children, typically over the age of 4 years, can remain motionless in the scanner and by 6 or 7 years can cooperate with breath hold instructions [95] . Of note, children with cyanotic CHD are well-documented to have a high incidence of neurodevelopmental abnormalities and genetic syndromes, which should be determined before the study [22, 97] . Infants under 6 months can often utilize the "feed and wrap" method outlined above. However, particularly in studies focusing more on extracardiac structures such as the aortic arch or pulmonary arteries or veins, whose images are less motion-sensitive, we find that even toddlers and preschool-aged children may be scanned without sedation if tightly wrapped or placed in a vacuum immobilizer device. Child life therapists are often involved for support, and a parent wearing appropriate shielding can remain in the room when possible during the scan. For coronary artery imaging in younger children, general anesthesia with suspended respiration is often required to minimize motion artifact. Although this scenario is not ideal, these cases are often performed as a lower-risk alternative to cardiac catheterization, which would expose these patients to general anesthesia, an invasive procedure, and increased radiation.
Older 64-slice scanners that use prospectively ECGgated "step-and-shoot" technology, in which sequential axial scans are obtained while the table moves along the z-axis with each gantry rotation, may require up to 10 s to scan the entire chest [94] . Resulting images may therefore demonstrate "stair-step" artifact due to patient motion between sequential acquisitions. Patients being scanned with this technology are more likely than those imaged with high-pitch or wide coverage scanners to require sedation, particularly when images are being used for 3D modeling or printing. In ICU patients who are already intubated and sedated, our team often requests paralysis and suspended 
Intravenous Access and Contrast
Vascular access may be difficult in complex CHD patients who have undergone multiple hospital admissions and interventions since birth. Intravenous (IV) placement should be performed with attention to each patient's systemic and pulmonary venous anatomy and any known occlusions or collateral vessels to ensure appropriate opacification of the heart [57] . Typically, the speed of power injection is limited by IV gauge, which may range from less than 1 ml/s using a 24-gauge IV in a neonate to 5 ml/s using an 18-gauge IV in a teenager or adult. As image contrast is generally optimized when scanning at lower tube potentials (kVs) that generate x-rays with energies closer to the k-edge of iodine, it is not essential to push contrast particularly rapidly and risk extravasation [98] . Contrast dose may be determined more by the desired duration of contrast opacification at a given injection rate than by patient weight but typically ranges from 1.5 to 2 ml/kg.
Patients with any form of cyanotic CHD are known to have a high prevalence-up to 50% by adulthood-of chronic kidney disease resulting from insults related to polycythemic hyperviscosity, diminished cardiac function, nephrotoxic medication exposure, and cardiopulmonary bypass runs [99, 100] . Therefore, care should be taken to pre-hydrate if needed, avoid concomitant nephrotoxic medications, and use low-osmolar or iso-osmolar contrast such as iohexol or iodixanol [94] .
As with all procedures in cyanotic CHD patients, even small air bubbles should be carefully avoided during injection to avoid crossing right-to-left shunts. When injecting contrast in CHD patients, particularly those with complex defects who may have unexpected flow dynamics or aortopulmonary or venovenous collaterals, we carefully monitor the bolus tracker and manually trigger the scan acquisition.
Radiation
The effective radiation dose is affected by x-ray tube potential and current, scan mode, exposure time, z-axis coverage, and imaging settings used when bolus tracking. The literature suggests that most congenital CHD scanning can be performed at 70 or 80 kV [32, 57] . While the use of iterative reconstruction techniques allows lower tube currents to be selected for a given patient size, the clinical question to be addressed should primarily determine tube potential. If distal coronary artery anatomy or other fine anatomic detail is not needed, tube currents can be significantly reduced during both acquisition and monitoring scans. Z-axis coverage should also be carefully chosen to cover only the area of interest. An infant's cardiovascular anatomy can usually be imaged in 8 cm, while adolescents and adults may require up to 16 cm or more.
Scanning throughout the cardiac cycle is less commonly performed, but prospectively or retrospectively gated CT can be used to assess ventricular function in patients who are unable to undergo cardiac MRI. Although low radiation doses have been reported in dual-source high-pitch scanning, functional assessment with older scanners that have lower temporal resolution often produces undesirably high radiation exposure [32, 95, 101, 102] .
Conclusion
Cardiovascular CT has developed into a key tool among congenital cardiac imaging modalities that complements the roles of echocardiography and cardiac MRI in patients of all ages with cyanotic CHD. It can provide information that informs both preoperative planning and postoperative surveillance and facilitates scanning even in critically ill patients or those with implanted devices. In order to optimize imaging in cyanotic CHD patients, the unique characteristics of each defect and each patient must be carefully considered to develop an individualized protocol for each scan.
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